Purpose. Staphylococcus aureus isolates, collected from various clinical samples, were analysed to evaluate the contribution of the genetic background of both erythromycin-resistant (ERSA) and -susceptible (ESSA) S. aureus strains to biofilm formation.
INTRODUCTION
Staphylococcus aureus is a Gram-positive opportunistic pathogen with the potential to cause several and serious infections due to its capacity to produce a diverse array of virulence factors. In particular, S. aureus can form biofilms, surface-associated communities of microorganisms that can be significantly more tolerant to both antibiotics and host immune response compared with their planktonic counterpart [1] . Treatment of many chronic S. aureus biofilmrelated infections is, therefore, problematic [2] .
Macrolides, lincosamides and streptogramin B (MLS B ) antibiotics are considered among the alternative drugs used against severe staphylococcal infections, mainly in penicillin-allergic patients, along with vancomycin, linezolid and rifampicin used in combination [3] . The resistance induced by macrolide use appears to be rapidly emerging and long lasting, even after a short course of therapy [4, 5] .
Resistance to macrolides in staphylococci may be due to target-site modification, active systems for antibiotic efflux (i.e. that encoded by msrA) or by drug inactivation. The erm (erythromycin ribosome methylase) genes are responsible for target-site modification, by methylation or mutation of the 23S rRNA, thereby preventing antibiotic binding to its ribosomal target. This is the most widespread mechanism of resistance to macrolides and lincosamides, and leads to cross-resistance between macrolides, lincosamides and streptogramin B, giving way to the well-known MLS B phenotype. Among the four major classes of the erm genes [erm (A), erm(B), erm(C) and erm(F)], erm(A) and erm(C) are frequently responsible for MLS B resistance in staphylococci, which can be either constitutive or inducible [6] .
Striking correlations among erythromycin resistance, biofilm production and invasiveness were reported in Streptococcus pyogenes. A significant association between erythromycin resistance and ability to enter human respiratory cells was observed among S. pyogenes pharyngeal isolates recovered in Italy [7] . The strains presenting the two features together could probably have selective benefitsthe ability to escape beta-lactam antibiotics because of their intracellular location, and macrolides because of resistance -rendering eradication of such strains more difficult with respect to erythromycin-susceptible, non-invasive strains [7] . Another recent report from Italy noted that erythromycin-susceptible isolates formed a significantly thicker biofilm than resistant isolates and, among erythromycinresistant isolates, those carrying erm genes formed a less organized biofilm than mef(A) gene-positive strains, associated with altered efflux and responsible for macrolide resistance only [8] . Moreover, biofilm-forming isolates entered epithelial cells with significantly lower efficiency than biofilm-negative strains [8] . We believe such interesting correlations could be investigated also among S. aureus isolates.
An association between methicillin susceptibility and the regulation of biofilm formation has been found in both methicillin-resistant (MRSA) and -susceptible S. aureus (MSSA) clinical isolates. It has been suggested that biofilm formation in the former is predominantly regulated by surface adhesins, which are repressed under agr expression, while biofilm formation in the latter is more dependent on cell-to-cell adhesion by the production of icaADBC-encoded polysaccharide intercellular adhesin (PIA), also referred to as poly-N-acetylglucosamine (PNAG) or slime [9] . Moreover, various environmental signals, such as CO 2 levels, anoxic atmosphere and glucose, can also alter gene expression and, consequently, biofilm development in S. aureus [10, 11] . Indeed, because the regulatory pathways for biofilm formation vary among strains [9] , the question has arisen as to whether these inter-strain differences could be attributed to different clonal lineages.
To the best of our knowledge, there are no data available on the contribution of erythromycin susceptibility to biofilm phenotype in S. aureus. In the present study, 109 S. aureus isolates, collected from various types of clinical sample, were analysed to evaluate the contribution of the genetic background of both erythromycin-resistant (ERSA) andsusceptible (ESSA) S. aureus strains to biofilm formation, and these were also characterized by macrolide resistance phenotyping and genotyping and pulsed-field gel electrophoresis (PFGE) typing. Furthermore, representative isolates within the major PFGE groups underwent spa typing. Since biofilm often occurs on medical devices in contact with blood (e.g. catheters, heart valves), biofilm formation was carried out under conditions simulating those encountered by S. aureus at the site of infection, namely by using a physiological glucose-supplemented medium corresponding to normal blood glucose levels [12] , and under three different atmospheres (100 % O 2 , 15 % O 2 and anoxia).
METHODS

Bacteria and growth conditions
This was a retrospective study involving all S. aureus isolates recovered from clinical specimens routine hospital work. A total of 66 ESSA and 43 ERSA consecutive single-patient clinical isolates from inpatients and outpatients attending the Campus Biomedico University Hospital of Rome were collected. Isolates were mainly recovered from surgical sites (45 isolates), then from bloodstream (29 isolates), respiratory tract (18 isolates), urinary tract (6 isolates), aural (4 isolates) and ocular (3 isolates) infections. Species identification and antibiotic susceptibility were performed by the Phoenix automated system (BD Diagnostic System). Methicillin resistance was confirmed by detecting the presence of the mecA gene. Isolates were then stored at À80 C using a dedicated system (CryoBank; Copan Diagnostics, Inc.) and sub-cultured twice on sheep blood agar before testing for checking purity and regaining the original phenotype. Trypticase soy broth (TSB) and brain-heart infusion broth (BHI) (both from Oxoid) were used for routine culture and for adhesion and biofilm formation assays on polystyrene.
Erythromycin resistance phenotypes and genotypes Erythromycin resistance phenotypes were evaluated by the triple-disk induction test using a 15 µg erythromycin disk, a 2 µg clindamycin disk and a 15 µg telithromycin disk (BD Diagnostic Systems). All isolates shown to be resistant to erythromycin underwent multiplex PCR for resistance genes rmA, ermC and msrA, as previously described [13] [14] [15] [16] . The erythromycin-sensitive strain S. aureus ATCC 29213, and representative clinical isolates previously characterized for different mechanisms of erythromycin resistance genotypes and phenotypes [13] , were used as controls. Amplification of the 16S rRNA gene was used as internal PCR control, and amplification of the species-specific femA gene was used to confirm S. aureus species identification [16, 17] .
Adhesion to, and biofilm formation on, polystyrene The ability of S. aureus strains to adhere and form biofilm was spectrophotometrically assessed under three different atmospheres: oxia (100 % O 2 ), micro-aerophilia (15 % O 2 +5 % CO 2 ) and anoxia (0 % O 2 ). A micro-aerophilic atmosphere was created using CO 2 Gen Compact (Oxoid), while the condition of anoxia was generated by AnaeroGen (Oxoid). Briefly, the standardized inoculum (10 8 c.f.u. ml À1 ) prepared in BHI with 0.1 % glucose (Oxoid) was diluted 1 : 100 with fresh BHI, and then 200 µl were used to inoculate each flat-bottom well of a polystyrene tissue culturetreated microplate (Iwaki, Bibby Srl, Milan). Control wells contained BHI only. After incubation for either 3 h (for adhesion assay) or 24 h (for biofilm assay) at 37 C under the selected atmosphere, samples were washed thrice with phosphate-buffered saline (PBS) (Sigma-Aldrich), then fixed by air-drying at 60 C for 1 h. Following staining with 200 µl Hucker's crystal violet (Sigma-Aldrich), for 5 min, samples were de-stained with 200 µl of 33 % glacial acetic acid for 15 min and the OD 492 was then measured. A low cut-off (ODc) represented by 3ÂSD above the mean OD of control wells was considered for biofilm formation [18] .
Genotyping of staphylococcal isolates by PFGE and spa typing Too assess whether biofilm formation was associated with the clonal lineage, the clonal relatedness of the strains tested was assessed by PFGE using the restriction enzyme SmaI, as previously described [19] . PFGE profiles were visually interpreted as follows: isolates with an identical profile were assigned to the same PFGE type and subtype; isolates with similar profiles (differing by up to four bands) were assigned to different subtypes within the same PFGE type; and isolates with PFGE pattern differing by more than four bands were assigned to different PFGE types and considered as clonally unrelated [19] .
For an unambiguous characterization of each clone as defined by PFGE, representative isolates within each major PFGE group (i.e. those clusters constituted by >5 isolates) were selected for submission to spa typing [20] . At least two strains of each major PFGE group were analysed, with priority given to (1) invasive isolates responsible for bloodstream infections; (2) those representative of different erythromycin and methicillin susceptibility profiles; and (3) those with different erythromycin resistance phenotypes and genotypes.
Moreover, for each spa type found the corresponding clonal complex (CC) and sequence type (ST) [as defined by multilocus sequence typing (MLST) analysis] were obtained, according to the spa typing website (http://spa.ridom.de/ mlst.shtml). When these were not available, we referred to published studies describing both spa types and the corresponding STs.
Cell adhesion and invasion assays Adenocarcinoma human alveolar basal epithelial A549 cells were cultivated in minimal essential medium (MEM) supplemented with 2 mM L-glutamine, 0.1 mM non-essential amino acids and 10 % fetal calf serum (FCS) (all from Life Technologies). The ability to adhere to, and to penetrate, epithelial cells was evaluated by antibiotic protection assay for eight S. aureus strains representative of the following traits: high-biofilm producers -erythromycin susceptible or resistant; low-biofilm producers -erythromycin susceptible or resistant. Cell monolayers grown in 24-well plates (Nunc AS) were challenged with the standardized inoculum for 2 h at 37 C, washed and further incubated for 3 h in medium supplemented with 1 % FCS, 200 µg ml À1 gentamicin (Sigma Aldrich) and 1 % glucose (Life Technologies). At different time points, co-cultures were washed and lysed with 0.1 % Triton X-100 (Sigma Aldrich) in PBS for 5 min. Lysates were diluted and plated on trypticase soya agar plates (Oxoid) for viable cell counting. Efficiency in regard to cell invasion was calculated as the percentage of the initial inoculum recovered after antibiotic killing of extracellular bacteria (low efficiency, <0.1 %; high efficiency, >0.1 %).
Statistical analysis
Each assay was performed in triplicate and independently repeated on two different occasions. The Gaussian distribution of values was assessed by D'Agostino-Pearson omnibus normality test. Differences in biofilm biomass formed were analysed for significance by ANOVA followed by Bonferroni's multiple comparison post-test (parametric data), or Kruskal-Wallis followed by Dunn's multiple comparison post-test (non-parametric data).
Pearson's r was calculated to evaluate the relationship between adhesion and biofilm biomass observed on plastic.
The significance of the association between biofilm formation and the source of isolation was evaluated by Student's t-test. The impact of erythromycin resistance and biofilmforming ability, in regard to both adhesion and invasion of A549 cells, was evaluated by Mann-Whitney U-test. Differences between results were evaluated using Fisher's exact test. Statistical analysis was carried out using GraphPad software (ver. 4.0; GraphPad Inc., San Diego, USA), considering as significant P values <0.05.
RESULTS
Epidemiological background
The age of patients ranged between 14 and 96 years (median: 67 years), with more than 50%>65 years; there were 57 female patients and 52 male (Table S1 , available in the online version of this article). Overall, 42 and 69 S. aureus isolates were from outpatients and inpatients, respectively (Table S1 ). Among inpatients, 37 isolates were from medical wards, 11 from surgical wards, 12 from oncology or haematology units and 7 from the intensive care unit (Table S1 ).
Methicillin resistance and erythromycin resistance phenotypes and genotypes A total of 36 and 73 MRSA and MSSA isolates, respectively, were identified, and all of the former carried the mecA gene.
Overall, 66 (60.6 %) ESSA and 43 (39.4 %) ERSA were found among 109 S. aureus isolates. A total of 36 (33 %) isolates were MRSA, with 26 (72 %) also being ERSA (data not shown). All macrolide-resistant isolates carried at least one of the resistance genes under study -erm (A), erm(C) and msr(A) ( Tables 1 and 2 ). All isolates with macrolide resistance phenotype MLS B harboured the resistance determinant erm(A) or erm(C). The constitutive cMLS B phenotype, with full cross-resistance to erythromycin, clindamycin and telithromycin, and the inducible iMLS B phenotype, with erythromycin resistance and blunting zone around both clindamycin and telithromycin disks, were found in 15 and 27 isolates, respectively (Tables 1 and 2 ). One isolate with the resistance phenotype cMLS B presented both erm(A) and erm (C). Only one isolate, carrying the msr(A) gene, showed the macrolide resistance phenotype iMTS, characterized by erythromycin resistance, clindamycin susceptibility and a flattened zone around the telithromycin disk only (Tables 1 and 2 ).
PFGE and spa typing
The characteristics of all S. aureus strains showing erythromycin resistance phenotypes and genotypes, stratified according to PFGE type and type of infection, are summarized in Table 2 . PFGE analysis showed 21 pulsotypes, suggesting a high genetic heterogeneity of the study population (Table 2 ). Nevertheless, 10 major PFGE types (comprising at least five isolates) were found accounting for 89 out of 109 strains (86 %), indicating a clonal distribution within the S. aureus isolates studied (Table 2) .
Forty-three ERSA isolates clustered into 12 PFGE types ( Table 2) . Among the major PFGE types, pulsotype 1 was entirely composed of resistant strains, whereas other specific PFGE types were mainly represented by resistant strains, such as pulsotype 6 (14 out of 21 strains, 66.6 %) and pulsotype 15 (5 out of 6 strains, 83.3 %). Similarly, other PFGE types were totally (pulsotypes 2 and 14) or mainly (pulsotype 5 : six out of seven strains, 85.7 % and pulsotype 7 : five out of six strains, 83.3 %) represented by erythromycin-susceptible isolates (Table 2 ). ERSA isolates with the same phenotypic/genotypic resistance profile belonging to the same PFGE group were found, thus supporting a likely clonal spread of these resistant isolates. Similarly, we found ERSA isolates with the same phenotype/genotype resistance profile belonging to unrelated PFGE groups, and those with different resistance phenotypes/genotypes within the same PFGE lineage. Therefore, a potential independent acquisition of resistance by horizontal gene transfer also occurred among resistant isolates. Overall, these findings suggest that certain erythromycin-resistant and -susceptible isolates may segregate in different PFGE groups.
No apparent association between infection site and PFGE type was found, whereas by stratifying the PFGE groups both on the ward and date of isolation, small clusters could be identified. Particularly, one cluster is particularly evident, consisting of five MRSA/erm(C)-positive isolates belonging to PFGE group 1 recovered from an ICU and isolated over a 2-month period.
Twenty different spa types were found among the 31 representative isolates from the 10 major PFGE groups selected: five each from PFGE types 4 and 6; four from PFGE type 3; three each from PFGE types 1, 5 and 14; and two each from PFGE types 2, 7, 10 and 15 ( Table 3 ). The spa types detected were associated with 13 different STs and 9 CCs. The associations between spa types, STs and CCs were deduced from the spa typing website (http://spa.ridom.de/mlst.shtml) and from previous studies [21] [22] [23] [24] [25] [26] [27] [28] [29] (Table 3 ). In general, each PFGE type was represented by isolates showing spa types associated with different and unique CCs, with two exceptions: representative isolates belonging to PFGE types 1, 6 and 15, that showed spa types associated with the same CC5; two representative isolates of PFGE type 7 that showed two different spa types, t2253 and t865, associated with two distinct CCs, CC88 and 772 (Table 3) .
Standardization and optimization of S. aureus biofilm growth
A total of four erythromycin-susceptible (292-07, 306-07, 327-07 and 391-07) and four erythromycin-resistant (273-07, 63-07, 284-07 and 270-07) S. aureus isolates were used in preliminary experiments to evaluate the effect of specific parameters, including culture media (TSB and BHI), inoculum size (10 5 , 10 6 , 10 7 c.f.u. ml À1 ), and the presence of glucose at physiological (0.1 %) concentration, on biofilm formation (Figs S1-S6). All strains formed biofilm regardless of test conditions, although to a varying extent. In most cases, the highest mean biofilm biomass produced was observed in BHI broth with additional 0.1 % glucose, using an inoculum size of 105 c.f.u. ml À1 , regardless of both erythromycin phenotype and atmosphere tested. Therefore, these experimental conditions were selected as optimal for the growth of S. aureus biofilm on a polystyrene surface.
Plastic adhesion and biofilm formation
Results obtained from adhesion and biofilm-forming assays performed under different atmospheres, and stratified according to erythromycin resistance/susceptible phenotype and genotype, methicillin resistance/susceptible phenotype, PFGE type and CC, are shown in Figs 1-5.
Adhesion to polystyrene was significantly improved under 15 % O 2 atmosphere (P<0.01, at least) (Fig. 1a) , whereas biofilm formation ability was strongly maintained in the S. aureus population tested, although the efficiency in biofilm formation was significantly reduced under anoxic conditions (P<0.001) (Fig. 1b) . Adhesion levels exhibited by S. aureus were predictive for biofilm biomass formed under both 100 and 15 % O 2 atmospheres (Pearson r, 0.340 and 0.458, respectively; P<0.01 at least), while no relationship was observed under anoxia (Fig. S7) .
The adhesion and biofilm biomass observed under different atmospheres and stratified for erythromycin resistance phenotype are shown in Fig. 2(a, b) . The highest adhesiveness of ESSA strains was observed under 15 % O 2 atmosphere (P<0.05 and P<0.001, respectively against oxic and anoxic atmospheres) (Fig. 2a) . With regard to biofilm, the mean biomass formed by ESSA strains under both 100 and 15 % O 2 was significantly higher than that formed by ERSA (Fig. 2b) . Confirming this, the proportion of strong biofilm-producing strains (OD 492 >1.00) was significantly higher in ESSA than ERSA, under both 100 and 15% O 2 atmosphere (46.9 vs 23.2 % and 48.4 vs 25.5 %, respectively; P<0.05), whereas no differences were found under anoxia.
No statistically significant differences were observed in either adhesion or biofilm efficiency between iMLSB and cMLSB strains, regardless of atmosphere, as shown in Fig. 2(c, d) .
Among iMLS B strains, the presence of ermA was associated with a significant increase in adhesion levels, regardless of atmosphere (P<0.01 under both oxia and anoxia, P<0.05 under 5 % CO 2 ) (Fig. 3) . On the contrary, among cMLS B strains the presence of ermC was associated with increased adherence (P<0.05) only when grown in an oxic atmosphere (Fig. 3) . With regard to biofilm formation, iMLSB ermA strains produced a significantly higher amount of biofilm compared to cMLSB ermA in the presence of 15 % O 2 .
Overall, MSSA and MRSA did not significantly differ in regard to adhesiveness and biofilm formation measured under the same atmosphere. However, the adhesiveness observed under 15 % O 2 was significantly increased (P<0.05) compared to the anoxic atmosphere inboth MSSA and MRSA isolates (Fig. 2e) . With regard to biofilm, MSSA isolates formed a comparable amount of biofilm under 100 and 15 % O 2 but significantly more (P<0.001) than under an anoxic atmosphere (Fig. 2f) .
Stratifying for PFGE type, under an anoxic atmosphere isolates belonging to pulsotype 2 were significantly more adhesive than those of pulsotype 15. With regard to biofilm formation, under 100 % O 2 conditions pulsotype 2 and 4 strains formed significantly higher biofilm biomass compared to those belonging to pulsotype 1 (Fig. 4) .
Considering CCs, no significant differences were observed in adhesion levels among those considered. Contrarily, strains belonging to CC8 formed significantly higher biofilm biomass compared to those belonging to CC5, under both 100 and 15 % O 2 (Fig. 5) .
Stratifying the results on infection type, we found that the adhesiveness of S. aureus involved in respiratory tract infections was more relevant (P<0.05) under 15 % O 2 than an anoxic atmosphere, as shown in Fig. 1c . With regard to biofilm formation, isolates causing surgical site infection formed higher biofilm biomass (P<0.01) under 100 and 15 % O 2 compared to under anoxia (Fig. 1d) .
Cell adhesiveness and invasiveness
The relationship between erythromycin susceptibility phenotype and biofilm production, and the ability of S. aureus to adhere and/or invade epithelial A549 cells was evaluated on a set (8 strains/group) of S. aureus strains representative of low and high biofilm formation and erythromycin-susceptible and -resistant phenotype (Figs S8,9 ).
High-biofilm producer and erythromycin-susceptible isolates showed a greater tendency to invade A549 cells, but a lesser ability to adhere, compared with isolates showing a low ability to form biofilm and resistance to erythromycin. However, these differences were not statistically significant due to the relevant variability observed within each group.
DISCUSSION
Unlike the oxic conditions conventionally used for in vitro biofilm studies, there are numerous situations (e.g. human bloodstream, cystic pulmonary fibrosis) in the host where O 2 or CO 2 is subject to concentration fluctuations. Particularly, in the airways of Cystic Fibrosis patients, either decreased O 2 tension or anoxic conditions represent a favourable environment for the development of bacterial biofilms and persistent infection [30, 31] . In response to environmental stressors, such as D-glucose [32] and O 2 levels, biofilm formation by Staphylococcus spp. varies significantly, since the production of biofilm components is modulated by sigma factor sB [16, 19] . Despite this, few studies have evaluated the effect of gas composition on staphylococcal biofilm production [33] [34] [35] .
Because the conditions encountered by microorganisms in the host can markedly differ from those in vitro, in the present work both S. aureus adhesion and biofilm formation were comparatively evaluated, using microtitre plates, under oxic, micro-aerobic (15 % O 2 +5 % CO 2 ) and anoxic conditions. Overall, our results indicated that the ability of S. aureus to adhere and form biofilm is not affected by changes in O 2 concentration, indicating that the potential for generating chronic infections -and, consequently, failure of antibiotic therapy -might be conserved regardless of the infection site, although to a varying extent in efficiency. In particular, the evidence for higher adhesiveness under micro-aerobic conditions, along with the relationship between adhesion and biofilm levels, is particularly relevant to human bloodstream infections caused by S. aureus in the presence of medical devices. Furthermore, S. aureus biofilm formation was significantly reduced under anoxic conditions, probably due to the reduced production of PNAG, a polysaccharide constituting the major part of staphylococcal biofilms [36] . The potential for virulence under anoxic atmosphere might, however, not to be affected since previous studies showed that S. aureus primarily forms protein-rich biofilms under anoxia, and this could strengthen the interaction between micro-organisms and host proteins or other substances such as medical devices [37, 38] . Further studies are warranted to help in understanding the mechanisms underlying our findings.
Regarding methicillin resistance, we found that MSSA and MRSA differed neither in their adhesiveness nor in regard to biofilm production. Distinct mechanisms for biofilm formation have been reported in MSSA and MRSA. Clinical MSSA strains predominantly form biofilm dependent on the icaADBC operon and PIA production, whereas MRSA strains form biofilms regardless of PIA [9] . Despite the recognized association between erythromycin resistance and biofilm formation observed in S. pyogenes [7, 8] , to the best of our knowledge no data are available regarding the contribution of erythromycin susceptibility to the biofilm phenotype in S. aureus. Our findings indicate that resistance to erythromycin is associated negatively with efficiency in biofilm formation. Susceptible isolates formed significantly higher biofilm biomass than resistant ones, under both oxic and anoxic atmospheres. In confirmation, the majority of biofilm-producing isolates were erythromycin susceptible regardless of test conditions. In particular, the adhesiveness of isolates showing the phenotype/genotype iMLSB/erm(A) combination was higher than that of iMLSB/erm(C) isolates, although the relevant variability observed within groups suggests that this property is strain specific. Similarly to what has already been observed in S. pyogenes by Baldassarri et al. [8] , the higher efficiency in biofilm formation we observed among erythromycin-susceptible S. aureus isolates may reflect the need for alternative strategies to guarantee their survival within a host to escape antibiotic treatment, which are of no use to resistant bacteria. Biofilm cells are in fact not only significantly more resistant to antibiotic therapy but also represent hot-spots for horizontal gene transfer, thus facilitating the conjugative spread of virulence factors including antibiotic-resistance genes [39, 40] . The higher cell invasion efficiency of erythromycin-susceptible isolates would fall within the area of alternative strategies needed to survive antibiotic pressure. Further studies are needed to clarify the role of such different strategies (i.e. biofilm formation and cell invasion) and their weight/synergy as survival tools in S. aureus. The contribution of genetic background to biofilm formation in S. aureus has been little studied, and generally under conditions not always representative of the site of infection [32, [41] [42] [43] [44] [45] [46] . PFGE is considered the reference standard for S. aureus strain typing, along with DNA-sequencing methods, spa typing, SCCmec typing and MLST, which are more practical methods for detecting evolutionary changes [47] . Specific associations between biofilm formation and clonal lineages have been investigated and described. One study on MRSA isolates found that biofilm formation strongly correlated with the spa lineage, with some isolates belonging to the spa type t037, associated with clone ST239-CC8-IIIA, able to form greater biofilm biomass [42] . Similarly, enhanced adherence and invasion properties have also been shown for MRSA associated with Brazilian/Hungarian CC8 clone [44, 45] . Another study focusing on S. aureus invasive isolates confirmed a significant correlation between biofilm production and the spa clonal lineage, with certain spa types clustering into clones CC5 and CC8 more prone to biofilm formation than others [41] . In another study, the CC8 genetic background was confirmed to be a predisposing factor for strong biofilm formation in vitro in the presence of physiological glucose concentrations, extending this observation to other MRSA-associated CCs [41] . Recently, t008 genetic lineage and the usage of immunosuppressive agents have represented the most significant risk factors associated with biofilm formation whereas, clinically, patients with strong biofilm-forming MRSA are associated with a lower mortality rate but higher frequency of readmission [48] . Besides spa types, a correlation between biofilm formation and specific SCCmec types or specific PFGE clones, such as EMRSA-15, has also been reported [43, 46] .
In the present work, we observed that the CC8 genetic background appears to be a predisposing factor for strong biofilm formation in vitro, and for the first time we found this feature also under a micro-aerobic atmosphere that is relevant to the majority of infection sites. PFGE type 4 isolates -where representative isolates showed spa types related to CC8 -together with PFGE type 2 isolates, found to have spa types related to CC15, were able to form significantly higher biofilm biomass than PFGE type 1 isolates belonging to CC5. We also found CC15 isolates to be strong biofilm producers, in contrast to Croes et al. [32] who observed MRSA and MSSA with MSSA-associated MLST CCs, including CC15, to be significantly less capable of forming strong biofilm.
The work has some limitations. First, the small number of isolates could affect the findings and some results identified could be not confirmed if a bigger sampling size would be analyzed. Second, the retrospective form of the analysis allowed to have clinical data for only a limited number of patients, thus hampering obtaining completed clinical data from all cases and to investigate possible clinical risk factors associated with biofilm-forming ERSA and ESSA.
In conclusion, the results from the present study clearly indicate that biofilm formation by S. aureus appears to be only partially affected by atmosphere, thus indicating its potential for generating chronic antibiotic-resistant infections regardless of the infection site, and to be significantly more efficient in erythromycin-susceptible isolates, regardless of atmosphere, as a potential alternative strategy to escape antibiotic treatment. Moreover, biofilm formation is associated with specific S. aureus lineages, as also observed for other major virulence factors such as collagen adhesion and toxic shock syndrome toxin 1 [49] . Variations in biofilm-forming ability among clonal lineages of S. aureus could be explained by specific and unique combinations of surface-associated and regulatory genes, and/or by different expression levels of genes regulating the different phases of biofilm formation [50] . In the future, analysis of wholegenome sequencing may provide information on the complete pattern of virulence genes of strong and weak biofilmproducing isolates.
Further investigations aimed at understanding the relationship between antibiotic resistance and biofilm formation could be utilized in the development of new strategies to better prevent and treat S. aureus biofilm-related infections.
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